ABSTRACT: Free energy calculations are used to study how strongly potential drug molecules interact with their target receptors. The accuracy of these calculations depends on the accuracy of the molecular dynamics (MD) force field as well as proper sampling of the major conformations of each molecule. However, proper sampling of ligand conformations can be difficult when there are large barriers separating the major ligand conformations. An example of this is for ligands with an asymmetrically substituted phenyl ring, where the presence of protein loops hinders the proper sampling of the different ring conformations. These ring conformations become more difficult to sample when the size of the functional groups attached to the ring increases. The Adaptive Integration Method (AIM) has been developed, which adaptively changes the alchemical coupling parameter λ during the MD simulation so that conformations sampled at one λ can aid sampling at the other λ values. The Accelerated Adaptive Integration Method (AcclAIM) builds on AIM by lowering potential barriers for specific degrees of freedom at intermediate λ values. However, these methods may not work when there are very large barriers separating the major ligand conformations. In this work, we describe a modification to AIM that improves sampling of the different ring conformations, even when there is a very large barrier between them. This method combines AIM with conformational Monte Carlo sampling, giving improved convergence of ring populations and the resulting free energy. This method, called AIM/MC, is applied to study the relative binding free energy for a pair of ligands that bind to thrombin and a different pair of ligands that bind to aspartyl protease β-APP cleaving enzyme 1 (BACE1). These protein−ligand binding free energy calculations illustrate the improvements in conformational sampling and the convergence of the free energy compared to both AIM and AcclAIM.
■ INTRODUCTION
Protein−ligand interactions are important to study during the development of new pharmaceuticals. One way to study these interactions is by using relative binding free energy (RBFE) calculations. These calculations combine alchemical perturbations of the ligand with molecular dynamics (MD) to predict the binding free energy for two ligands to a common receptor. The accuracy of the resulting free energy depends on both an accurate force field and adequate conformational sampling. 1−5 Adequate conformational sampling may occur on time scales longer than can be explored with conventional MD. A lack of proper conformational sampling can cause the system to become stuck in a metastable state, which makes the resulting free energy dependent on the initial conformation of the ligand. Each ligand conformation has a different affinity for the protein; therefore, the lack of proper sampling can prevent convergence of the calculated free energy.
A number of methods have been developed to improve conformational sampling in free energy calculations, including the Adaptive Integration Method (AIM). 1 AIM changes the alchemical coupling parameter, λ, during the course of a single simulation, so that conformations sampled at one λ can help sampling at other λ values. This is similar to λ-hopping replica exchange methods, 6 but only a single simulation is run rather than a series of replicas run in parallel with different λ values.
Many of the methods that have been developed to enhance conformational sampling modify the potential energy surface to decrease the barriers separating the major conformations. These methods include accelerated MD (aMD), 7−9 replica exchange with solute tempering (REST), 10−13 and the accelerated adaptive integration method (AcclAIM). 2 These methods alter the potential energy to lower the barrier between conformations, making it more likely for these conformations to be adequately sampled. However, for systems with very large barriers, these methods may not be able to lower the barrier enough for proper sampling to take place. An example of this is a ligand that binds to aspartyl protease β-APP cleaving enzyme 1 (BACE1), which has a pyridine ring with a propynyl group attached. The interaction between the substituted ring and the protein causes the barrier separating the ring conformations to be very large. In this case, even applying enhanced sampling methods is not sufficient to adequately sample the different ring conformations, making the resulting free energy dependent on the initial conformation of the ring.
Monte Carlo (MC) simulations have been used as an alternative to MD for conformational sampling. In principle, using MC for sampling has the advantage that the system can move directly from one potential well to another, without needing to climb over it. However, with biomolecular systems, it may be difficult to determine which changes in the coordinates will adequately sample both protein and ligand conformations.
14 This method of sampling has been used for free energy calculations 15 including with a modified form of REST. 16 In this work, we describe a method called AIM/MC which alters conformational MC moves to overcome large conformational barriers, with MD, to sample smaller motions. Incorporating conformational MC into AIM improves conformational sampling for ligands with conformations separated by large potential barriers. We examined ligands with asymmetric substitutions of a six-membered conjugated ring, either pyridine or phenyl. These rings have two possible orientations with respect to the protein, and properly sampling these two ring conformations is difficult due to the large potential barrier separating them.
AIM/MC is applied to two protein−ligand relative binding free energy calculations. The first transformation involves calculating the relative binding free energy of two ligands to thrombin, a system which has been studied previously with REST 13 and AcclAIM. 2 We show that AIM/MC is able to rapidly sample the different ring conformations of the ligand, resulting in quick convergence of the free energy, with less uncertainty compared to AcclAIM. Then, AIM/MC was applied to calculate the relative binding free energy of two ligands to BACE1. In this system, one ligand has a large propynyl functional group attached to the pyridine ring, making it difficult for AcclAIM to properly sample both conformations. However, AIM/MC is able to properly sample both ring conformations, resulting in a converged free energy. In both transformations, AIM was not able to properly sample the ring conformations, causing the free energy to depend on the initial ring conformation.
■ THEORY AND METHODS
Adaptive Integration Method. A brief description of AIM and AcclAIM is presented here; see Fasnacht et al. 1 and Kaus et al. 2 for a more thorough description. AIM is used to calculate the free energy of alchemically transforming a molecule from an initial state to a final state. These states are represented by the alchemical coupling parameter λ, which varies from λ = 0 representing the initial state to λ = 1 representing the final state. AIM uses biased MC to dynamically alter the λ value during the simulation, allowing conformations sampled at one λ to aid sampling at other λ values.
1,2 The biasing factor helps improve the probability of accepting a move between adjacent λ values, with the acceptance criterion
P acc,AIM is the probability of accepting the transitions between λ values, ΔU is the difference in the potential energy between adjacent λ values for a given conformation, and ΔF is the biasing factor. In this work, the biasing factor denoted as MC2, 2 was used for all simulations. In principle, a number of methods could be used to calculate the free energy, including thermodynamic integration (TI), 17 Bennett acceptance ratio (BAR), 18 and multistate Bennett acceptance ratio (MBAR). 19, 20 In this work, the free energies were calculated using TI with cubic spline interpolation for the method of numerical integration. This has been shown to give better results compared to trapezoidal integration. 21, 22 AcclAIM builds on AIM by modifying the potential energy at intermediate λ values in a way that decreases the size of potential barriers, making it easier for the system to overcome the barrier and sample alternate conformations. The modified potential is given by
where α determines how much the potential energy is scaled at intermediate λ values. At λ = 0 or λ = 1, the original potential energy is recovered, so that the resulting free energy is not biased by the modifications to the potential energy. 2 Usually, only part of the potential energy is modified, so that the acceptance ratio for moves between adjacent λ values remains reasonably high. 2 While AcclAIM has been shown to improve conformational sampling for free energy calculations, 2 there are cases where the barrier separating the conformations is very high, preventing proper sampling even using AcclAIM. To overcome this challenge, we examined the combination of a conformational MC step with AIM, developing a method called AIM/MC. This MC step helps improve sampling, by rotating part of the molecule a certain number of degrees and then accepting the change in conformation with the probability
where ΔU conf is the difference in the potential energy between the initial and final conformations. The probability of accepting the move is higher when the potential energy for the final conformation is lower than the potential energy for the initial conformation. In the context of free energy calculations, if part of the molecule is modeled using softcore potentials 23−27 and this part is fully interacting at the final state where λ = 1, then it will not contribute to the nonbonded potential at λ = 0 and is said to be decoupled. This decoupling increases the acceptance probability because moves that would have been rejected due to steric clashes can now be accepted for this step. Correct sampling is maintained because changes between adjacent λ values are still accepted with the probability given by eq 1.
While this method could be applied to any part of the molecule that is decoupled at either the initial or final state, the focus of this work was demonstrating this method on ligands containing planar six-membered rings. These rings have bulky functional groups attached, making proper sampling of the different ring conformations difficult. An example is shown in Figure 1 for two ligands that bind to BACE1. The one ligand, 17a, has a 2,5-dichlorophenyl group and the other ligand, 24, has a propynyl group attached. Figure 1a shows the initial state, where the Chlorine atoms fully interact with the rest of the system and the propynyl group is decoupled. Rotations of the ring by 180°will be accepted with a higher probability, because the 2,5-dichlorophenyl group is symmetric about the axis of rotation. In practice, small differences in the positions of the corresponding atoms will reduce the acceptance probability, but it will still be sufficiently high to improve conformational sampling. Figure 1b shows the final state, where the chlorine atoms are decoupled and the propynyl group fully interacts
The Journal of Physical Chemistry B Article with the rest of the system. Attempts to rotate the ring will have a low acceptance probability because the propynyl atoms are likely to sterically clash with protein or water atoms.
Using AIM, the conformations sampled in the initial state will still improve sampling of the ring in the final state. Thus, AIM/MC is most effective when the rotation is made while this part of the molecule is in the decoupled state, so the acceptance probability is reasonably high. This is also an important limitation of this method; unlike AcclAIM which is general to any degree of freedom, 2 this MC step requires knowledge about the slow degrees of freedom. These slow degrees of freedom must also have a decoupled state which is sufficiently symmetric such that rotation between the major possible conformations has a reasonable acceptance probability. This method is also applicable to ligands containing multiple rings. If the rings are not coupled, that is rotation of one ring does not affect the rotation of the other, then the method can be applied independently to each ring. However, if the rings are coupled, as with the BACE1 ligands, then the outer ring would need to be decoupled, so that the acceptance probability would remain reasonably high.
Simulation Details. The simulations in this work used a modified version of the pmemd module in the Amber 12 package. 30 These modifications allow alchemical transformations to be run using pmemd, 31 and include AIM and AcclAIM. 2 Additional changes were then made to run the conformational MC procedure. System Parametrization. The system was parametrized using Amber 99SB-ILDN 32, 33 for the protein, the generalized Amber force field (GAFF) 34 for the ligands, and TIP3P for the solvent. 35 The partial charges for the ligands were derived using Gaussian 09 36 by fitting the electrostatic potentials determined using Hartree−Fock/6-31G* to atomic centers with RESP. 37 The simulations used a truncated octahedral box, which was large enough so that the solute atoms were at least 10 Å away. Short-range nonbonded interactions used an 8 Å cutoff, and long-range electrostatics used particle mesh Ewald (PME). 38 Bonds to hydrogen atoms were constrained with SHAKE 39 and SETTLE 40 so that a 2 fs time step could be used. LEaP was used to add missing atoms. 30 System Equilibration. To start, a 20000-step steepest descent minimization was run. This was followed by heating the system to 300 K over 500 ps using the Langevin thermostat 41, 42 with a 2 ps −1 collision frequency. Then, a 500 ps NPT simulation was run using the Berendsen barostat, 43 with the pressure at 1 bar and a 2 ps coupling constant. Finally, a 500 ps NVT simulation was run as equilibration.
Distribution of λ Values. The procedure used to determine the number of λ values is the same as described previously. 2 Briefly, a short 110 ps simulation was run starting with 11 λ values, equally spaced between λ = 0 and λ = 1. The term ΔU − ΔF, which is described in eq 1, was recorded every 50 steps. Then every 5 ps, the λ value changed, increasing until λ = 1 and then going back to λ = 0.
The average value for the term ΔU − ΔF was determined at each λ window. If this value was greater than 2 kcal/mol for a pair of adjacent λ values, N additional windows were added as given by ref 2
The number of λ values obtained using this procedure for the production simulations are summarized in Table S5 in the Supporting Information. Production Simulations. Production simulations were run for 55 ns. Changes in λ were attempted every 500 steps, with the acceptance probability given by eq 1. For the AIM/MC simulations, conformational changes were attempted every 100 steps when λ < 0.5, with the acceptance criterion given by eq 3. At higher λ values, the asymmetry of the ligand was expected to make the acceptance ratio very low, so conformational MC moves were not attempted. Energies and coordinates were recorded every 500 steps for later analysis. System specific simulation details are discussed below.
Protein−Ligand Complexes. Thrombin Ligand Transformation. The first transformation studied was the relative binding free energy of the ligands CDA and CDB to thrombin. This transformation has been studied previously using REST, 13 AIM, and AcclAIM. 2 The preparation for this system is the same as in the AIM and AcclAIM study; 2 for ease of reference, the procedure for preparing this system will be recapitulated here. Compared to CDA, CDB has an additional methyl group Figure 1 . Two ligands bound to BACE1 (gray ribbon) in (a) the initial state at λ = 0 and (b) the final state at λ = 1. Ligand 17a has a 2,5-dichlorophenyl group, while ligand 24 has a propynyl group attached to a pyridine ring. In the initial state, ligand 17a fully interacts with the rest of the system (opaque spheres), while the propynyl group of ligand 24 is decoupled (transparent spheres) and does not interact with the rest of the system. In the final state, the chlorine atoms of ligand 17a are decoupled (transparent spheres), while the propynyl group fully interacts (opaque spheres). The acceptance probability after a rotation when the molecule is in the initial state will be high, because of the symmetry of 2,5-dichlorophenyl. In this state, the propynyl atoms are decoupled and do not have charge or vdW interactions with the protein or water molecules, preventing steric clashes. The acceptance probability after rotation in the final state will be much lower, due to a higher chance of steric clashes between the propynyl group and other molecules in the system. Tachyon 28 in visual molecular dynamics 29 was used for rendering.
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Article attached to the P1 pyridine ring (see Figure 2a) . Separate simulations were started with the P1 pyridine ring in the In and Out conformations to assess convergence. The fluorine atom attached to the P1 pyridine ring was set to be softcore, as was done in both the REST 13 and the AcclAIM 2 studies. AIM/MC was applied to enhance sampling of the transition between the two possible ring conformations. The 180°rotations of the P1 pyridine ring about the axis defined by the CDA ligand atoms C15 and C16 were attempted, using the acceptance probability defined by eq 3. The structure of these ligands with the atoms numbers listed is given in Figure S1 in the Supporting Information. The initial structure of thrombin bound to CDA came from PDB 1MU6, with the structure of CDB from PDB 1MU8. 44 Residues 146 to 150 were modeled using the structure from PDB 4MLF. 45 The histidine residues were set to the epsilon form.
BACE1 Ligand Transformation. The second transformation studied was the relative binding free energy of the ligands 17a and 24 to BACE1. Ligand 17a has a 2,5-dichlorophenyl group, while ligand 24 has a 5-(Prop-1-yn-1-yl)pyridin-3-yl group as shown in Figure 2b . The binding affinity for these ligands is known experimentally, and ligand 24 also has a crystal structure (PDB 4DJY). 46 The chlorine atoms of ligand 17a and the propynyl atoms of ligand 24 were set to be softcore. The AcclAIM simulations scaled the potential for all of the atoms in the perturbed ring. For these simulations, the acceleration parameter α was set to 0.05. AIM/MC simulations were run, with 180°rotations attempted about the axis defined by the atoms C13 and C14. The structure of these ligands with the atoms numbers listed is given in Figure S2 in the Supporting Information. As with the thrombin transformation, separate simulations were run with the ring starting with the In and Out conformations. The initial structure of BACE1 bound to ligand 24 came from PDB 4DJY. 46 The structure for ligand 17a was modeled using ligand 24, with the appropriate changes made to the structure. The Histidine residues were set to the epsilon form. All acidic residues, including those in the ligand binding site, were deprotonated.
Analysis and Error. Four trials were run for each simulation. Free energies were calculated using TI 17, 47 with cubic spline interpolation and subsampling as implemented in pyMBAR (https://simtk.org/home/pymbar). 19, 21 Free energy results were computed as a function of total simulation time by averaging over the four simulations and propagating the error according to
The probability of finding the ring in either the In or Out conformation was calculated as a function of simulation time. The dihedral connecting the ring of interest to the rest of the molecule was used to determine the ring conformation. For thrombin, this dihedral is defined by the CDA atoms N5, C15, C16, and C17 (see Figure S1a in the Supporting Information). For BACE1, this dihedral is defined by the ligand 17a atoms C15, C14, C13, and C11 (see Figure S2a in the Supporting Information). The probabilities were averaged over the four trials, with the error given by the standard deviation.
■ RESULTS AND DISCUSSION
Free Energy Results. Thrombin. Sampling of the P1 pyridine ring conformations for the thrombin ligands was determined by examining the fraction of time that the ring spends in the In conformation as a function of simulation time. Figure 3a shows the fraction In at λ = 0, which corresponds to CDA, and Figure 3b shows the fraction In at λ = 1, which corresponds to CDB. The results for AIM and AcclAIM with α = 0.05 come from the AcclAIM study 2 and are reproduced here for comparison.
AIM was not able to sample the different P1 pyridine ring conformations; the ring only sampled the initial conformation for the entire simulation. AcclAIM was able to sample both P1 pyridine ring conformations, regardless of the initial conformation of the ring.
2 AIM/MC compares favorably with AcclAIM, where both ring conformations are sampled. The average fraction In is the same within uncertainty for both of these methods. However, even the AcclAIM simulations with the strong scaling factor of α = 0.05 did not converge as rapidly as AIM/MC, especially at λ = 1. The ability for AIM/MC to rapidly sample the different P1 pyridine ring conformations is expected to improve the rate of convergence for the free energy.
The free energy results are shown in Figure 4 . Because of the lack of proper sampling, the AIM simulations show a difference of 2 kcal/mol between the simulations starting with the ring In conformation and the simulations starting with the ring Out conformation. AcclAIM is able to sample both ring conformations, so the free energy converges regardless of the initial conformation of the ring. 2 The free energy values calculated using AIM/MC rapidly converge, with a smaller uncertainty compared to AcclAIM. This is due to the improved sampling of the ring conformations, especially at λ = 1. The calculated relative binding free energy for AcclAIM and AIM/ MC is close to the experimental value. These results show that AIM/MC is able improve upon the results from AcclAIM for this pair of ligands.
BACE1. As with thrombin, sampling of the ring conformations was examined using the fraction of time that the ring is in the In conformation as a function of simulation time. Figure 5a shows the fraction In at λ = 0, which corresponds to ligand 17a The Journal of Physical Chemistry B Article and Figure 5b shows the fraction In at λ = 1, which corresponds to ligand 24. For the AIM simulations, the ring conformation sampled is just that of the initial conformation. For the AcclAIM simulations, a few of the trials starting with the ring in the In conformation were able to flip Out, causing the fraction In to be lower than one. The simulations starting with the Out conformation were not able to flip to sample the In state. Even with lower barriers between the two ring conformations, AcclAIM was not able to adequately sample both possible ring conformations, causing the fraction In to be biased based on the initial ring conformation. However, AIM/MC was able to adequately sample both ring conformations at λ = 0 and λ = 1 as indicated by the overlap between the fraction In for the simulations starting with either ring conformation.
Ligand 17a has a 2,5-dichlorophenyl group, which is symmetric about the attachment point to the rest of the ligand. Thus, the fraction In at λ = 0 should be 0.5 because the molecule has two degenerate ring conformations. However, because of the presence of the large chlorine atoms at λ = 0 and the propynyl functional group at λ = 1, AcclAIM is not able to sample both ring conformations, even with the scaling factor set to α = 0.05. AIM/MC is able to sample both ring conformations, the fraction In quickly converges to the expected value of 0.5 ( Figure 5a ). The crystal structure for ligand 24 bound to BACE1 shows the In conformation is favored. While AcclAIM is not able to correctly sample the In conformation, AIM/MC properly samples this conformation for both the In and Out starting states, as indicated by the fraction In close to 1.0 (Figure 5b) .
The free energy as a function of time is shown in Figure 6 . The lack of proper sampling of the ligand ring conformations The Journal of Physical Chemistry B Article causes the free energy calculated using both the AIM and AcclAIM methods to depend on the initial conformation. The difference in the predicted free energy is on the order of 3−4 kcal/mol. AIM/MC improves sampling of the ligand ring conformations, resulting in the quick convergence of the calculated free energy. Compared to the experimental result, the predicted free energy is 1 kcal/mol more favorable, possibly caused by a small inaccuracy in the force field. Thus, AIM/MC is an effective method for improving the precision of relative binding free energy calculations for protein−ligand systems by improving the conformational sampling of the ligand.
Generality of AIM/MC. A requirement for applying the AIM/MC method is the presence of a sufficiently symmetric state where the rotation has a reasonable acceptance probability according to eq 3. The acceptance probability at λ = 0 for the systems studied in this work is given in Table 1 . For the thrombin transformation, the acceptance probability is low, close to 1%. This is caused by the asymmetry of the CDA ring undergoing the rotation at λ = 0. On one side of the axis of rotation is a nitrogen atom, and on the other side is a carbon atom bonded to a fluorine atom (see Figure 2a) . After a trial rotation, there is a higher chance that the fluorine atom will sterically clash with a water or protein atom, because there is nothing attached to the nitrogen to create space for the fluorine atom. This is the cause of the lower acceptance probability.
The acceptance probability for the BACE1 transformation is higher, at 13% for the complex simulation and 23% for the simulation free in water. Looking at the structure of the molecule before and after an attempted rotation ( Figure S3 in the Supporting Information), there are slight differences in the bond angles for the chlorine atoms, reducing the overlap after rotation and therefore the acceptance probability. An alternative would be to transform each ligand to a symmetric intermediate, such as a planar six-membered ring without hydrogen atoms. Then, transform this intermediate molecule The Journal of Physical Chemistry B Article into the second ligand. This two step procedure would improve the acceptance probability but requires the use of two separate simulations. However, even with a lower acceptance probability, AIM/MC is able to significantly improve conformational sampling for these transformations, resulting in the convergence of the free energy.
■ CONCLUSIONS
The AIM/MC method was developed and applied to two challenging alchemical transformations, involving ligands with substituted six-membered rings, improving the conformational sampling in these systems. The first transformation was between CDA and CDB bound to thrombin. The results demonstrate using AIM/MC improved conformational sampling compared to AIM and reduced the uncertainty of the calculated free energy compared to AcclAIM.
Then, this method was applied to calculate the relative binding free energy between the BACE1 ligands 17a and 24. This is a challenging system because of the large size of the propynyl group in ligand 24. Both AIM and AcclAIM were not able to properly sample the ring conformations, causing the final free energy to depend on the initial conformation of the ring. However, AIM/MC was able to rapidly sample the ring conformations, resulting in convergence of the free energy.
AIM/MC can be applied to any system where the molecule has a high degree of symmetry at certain λ values. In cases where this is not true, a two-step procedure can be used, where a transformation goes through a symmetric intermediate. The resulting free energies can then be added together. Also, this method could be combined with AcclAIM to improve the sampling of the functional groups attached to the ring. Future work may explore ways to apply this method when the ligand of interest does not have a high degree of symmetry and combination with AcclAIM for functional group sampling.
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